This study investigated the relationship between 18 O and 2 H isotopes in samples of Mexican hair and drinking water. The purpose of this study was twofold: to quantify the relationship between isotopes in Mexican hair and tap water, in order to understand the impact of water stress and difffering socioeconomic status on accurate predictions of drinking water; and to determine whether currently existing semimechanistic models can accurately represent the relationship between hair and tap water. This study used a subset of paired samples of human hair (n = 62) and tap water (n = 76 O and 2 H in tap water and hair that have been characteristic of other populations studied to date. Given the economic stratifĳication of this region and the poor correlation between hair and water samples, the authors considered the possibility that l, the fraction of the diet derived from local sources, and f s , the fraction of nonexchangeable H in keratin that was fĳixed in vivo, are local rather than global parameters for this population. The authors estimated diffferent values of l and f s for each location. Given the anticipated importance of the nonlocal dietary contribution, they treated the isotopic content of nonlocal food and the offfset parameters for predicting isotopes in locally derived food as tuning parameters and compared the results with parameters based on the American supermarket diet. They found that, although O and H isotopes in water and hair maintained similar geographic distributions, O and H isotopes in tap water explained only a small part of the variation observed in hair samples. Compared to the standard American supermarket diet, the Mexican estimates for nonlocal diet and local diet offfsets predicted regional distributions of l and f s that cleanly segregated urban areas from rural towns.
O and
2 H isotopes in samples of Mexican hair and drinking water. The purpose of this study was twofold: to quantify the relationship between isotopes in Mexican hair and tap water, in order to understand the impact of water stress and difffering socioeconomic status on accurate predictions of drinking water; and to determine whether currently existing semimechanistic models can accurately represent the relationship between hair and tap water. This study used a subset of paired samples of human hair (n = 62) and tap water (n = 76). Isotope values in tap water ranged from -11.4‰ to -4.3‰ and -79.1‰ to -22.5‰, and in hair from +9.5‰ to +16.1‰ and -90.8‰ to -53 O and 2 H in tap water and hair that have been characteristic of other populations studied to date. Given the economic stratifĳication of this region and the poor correlation between hair and water samples, the authors considered the possibility that l, the fraction of the diet derived from local sources, and f s , the fraction of nonexchangeable H in keratin that was fĳixed in vivo, are local rather than global parameters for this population. The authors estimated diffferent values of l and f s for each location. Given the anticipated importance of the nonlocal dietary contribution, they treated the isotopic content of nonlocal food and the offfset parameters for predicting isotopes in locally derived food as tuning parameters and compared the results with parameters based on the American supermarket diet. They found that, although O and H isotopes in water and hair maintained similar geographic distributions, O and H isotopes in tap water explained only a small part of the variation observed in hair samples. Compared to the standard American supermarket diet, the Mexican estimates for nonlocal diet and local diet offfsets predicted regional distributions of l and f s that cleanly segregated urban areas from rural towns. T he last 15 years has seen growing interest in the application of water isotope analysis to provenience and migratory behavior for populations of forensic signifĳicance. For deaths along the US-Mexico border, as well as the deaths of undocumented immigrants within the greater United States, discriminating region-oforigin information or migration behavior would be particularly useful (Ross et al. 2016) . Deceased, undocumented border crossers from Latin America offfer unique challenges for the successful application of O and H isotopes in water, due in part to issues of drinking water insecurity and dramatic diffferences in socioeconomic status (SES) in these regions (Sosa-Rodriguez 2012) .
In large part, the focus on geolocation in a forensic context has been on human keratin and water relationships in locations where populations use available tap water for drinking (Bowen et al. 2005 (Bowen et al. , 2009 O'Brien and Wooller 2007; Ehleringer et al. 2008; Meier-Augenstein and Fraser 2008; Podlesak et al. 2008 ; Meier-Augenstein and Kemp 2010; Thompson et al. 2010 ). Unlike US populations, Mexican populations rely heavily on bottled water that may or may not be generated from their local water supply. Given the complex relationship between Mexican populations and drinking water, this study investigated the relationship between O and H isotopes in samples of Mexican hair and tap water and their role in provenience analysis. We explored the relationships between paired tap water and hair samples of known Mexican origin from central and southern Mexico and interpreted these relationships in light of water insecurity and extreme SES stratifĳication. In doing so, we reconsidered the underlying assumptions of semimechanistic models that aim to predict isotopes in hair based on those in drinking water and food consumed.
Background

Geographic Isotope Variations in Precipitation Impact Isotopic Content of Human Tissues
Precipitation gradients in 18 O and 2 H isotopes impact plant and animal tissues, as well as natural drinking water reservoirs. Oxygen and hydrogen isotopes in precipitation vary predictably with geography: lower isotope values are found at higher altitudes and latitudes, and higher isotope values are associated with coastal regions and low latitudes (Bowen et al. 2007) . It is well established that drinking water and food apply the primary controls on hair 2 H and
18
O isotopes (Hobson et al. 1999; Sharp et al. 2003; O'Brien and Wooller 2007; Ehleringer et al. 2008; Podlesak et al. 2008) . Approximately one-third of the H isotope content of hair is derived from drinking water; the remainder comes from food (Sharp et al. 2003) . The oxygen atoms in human hair are determined by complete isotopic exchange with gut water during hydrolysis of dietary protein. Body water and gut water pools are suggested to be similar in composition, with the major constituents of body water deriving from drinking water, water content of food, and oxygen in food Podlesak et al. 2008 Podlesak et al. , 2012 Chesson et al. 2010) . O and H isotopes in hair are enriched compared to diet or respiration inputs but reflect gradients analogous to those evident in the environment from which these inputs are derived. As tissues remodel over time, they can thus record evidence of migration by revealing associated shifts in food and water sources. This is particularly true for a fast-growing tissue like hair, which rapidly acclimatizes to food and water intake. Hair grows approximately 0.3 mm per day and has an acclimation period of approximately one month (Williams et al. 2011) . Thus, hair provides data on sustained location, as well as migration.
In Mexico, Water Stress Complicates Access to Local Drinking Water
Use of relationships between O and H isotopes in hair and water to infer region of residence would seem appropriate for Mexico, as the states show signifĳicant climatic and elevation diffferences.
However, Mexico has a long history of water stress that complicates access to local water. Water scarcity refers to the abundance or lack of water supply, and water stress refers to the inability to meet the human need for water (Spring 2014) . This challenge dates back to the 1930s, when hydraulic engineers began detecting aquifer depletion (Wolfe 2017) . Once Mexican states began to institute municipal water plans in the early 1900s, uneven development, poor water sanitation, epidemics, seismic damage, and defĳiciencies in municipal repairs led to disparities in water stress and/or water scarcity among states (Ayala and O'Rourke 1989; Borroto and Martinez-Piedra 2000; Davis 2005; Armienta and Segovia 2008; Bundschuh et al. 2012; Sosa-Rodriguez 2012; Espinosa-García et al. 2015; Arcega-Cabrera et al. 2017; Rodríguez-Tapia et al. 2017) . Furthermore, water-borne diseases such as cholera, amebiasis, and cysticercosis and high levels of dental fluorosis have intermittently plagued the municipal water system, dissolving public trust in water safety (Russell and Elvove 1962; Borroto and Martinez-Piedra 2000; Sepúlveda et al. 2006; Armienta and Segovia 2008; Bundschuh et al. 2012; Greene 2014; Montero-Contreras 2016; Hernandez-Cortazar et al. 2017) .
Depending on their state of residence, between 80% and 100% of Mexicans report using bottled water as their only source of drinking water (WHO and UNICEF 2017) . Expenditure on bottled water can be more than 14% of monthly income per household, and reports of contamination in bottled water keep the market fluid (Gutiérrez et al. 2012) . While beverage suppliers may draw their water from local sources, that is often not the case. The four major companies in the Mexican bottled water industry (Coca-Cola FEMSA, Nestle, PepsiCo, and Danone) have approximately 80% of the overall bottled water market share, and over 6,000 small companies make up the remaining 20% (Greene 2014) . Pinpointing water sources for the large suppliers is complex. For example, Coca-Cola FEMSA has 17 bottling plants in Mexico, and each plant supplies its own region (Coca-Cola FEMSA 2017) . In contrast, water from the Chiapas Coca-Cola plant is distributed more widely and represents ~5-7% of bottled water in the country. All the large suppliers have plants in Toluca Valley in the state of Mexico, and they draw from similar water sources. Bottled water is not strictly regulated in Mexico, and both small and large companies draw water from multiple sources, including aquifers, groundwater, rainwater, and river water. For example, since 2000 Coca-Cola has used water from 19 diffferent aquifers and 15 diffferent rivers (Franco et al. 2015) . In summary, drinking water in Mexico can come from any number of diffferent sources that are not necessarily local to an individual's place of residence.
The Role of Isoscapes in Provenience Analysis
Provenience studies using geographic patterns of O and H isotopes in drinking water and human tissues require the collection of large known-sample databases for drinking water and hair and knowledge about isotopes in dietary sources of protein.
In forensic analysis of provenience, isoscapeslarge geospatial models of isotope distributions and predictions of isotope values based on these distributions-have become common (Hobson et al. 1999; Bowen et al. 2007; Ehleringer et al. 2008 Ehleringer et al. , 2010 Wassenaar et al. 2009; Bataille and Bowen 2012; Warner et al. 2018) . Human tissue samples representing living populations often do not have ideal spatial distributions; however, the predictive power of isoscapes synthesize isotope distributions over geography despite these inconsistencies. This feature of isoscapes is both a strength and a weakness, since reliable predictions of isotope geographical distributions require a reasonable spatial distribution of baseline data and constant attention to modeling methodologies West et al. 2010; Chesson et al. 2018) . Moreover, isoscapes used for human provenience and based on human tissues must also be sensitive to real-time changes in isotope distributions resulting from social, environmental, and economic change. If based on well-sampled isotope signatures from water and tissues, isoscapes are a valuable reference for provenience studies of human remains. Where tissue isoscapes are absent or inadequately sampled, mathematical models hold signifĳicant appeal as a means of predicting the missing tissue data. Ehleringer et al. (2008) codifĳied the relationships between food and water consumption and stable isotope signatures of hair in the form of a semimechanistic model. Figure 1 is a pathway diagram showing, conceptually, how O and H isotopes of hair can be predicted from the key inputs of food and water. Those location-dependent primary model inputs are denoted by double-lined boxes, as is the input of oxygen, which enters the body via breathing. All other compartments in the diagram represent intermediate calculations used to fractionate isotopes into the primary output, which is hair. The population of interest in the study was contemporary residents of the continental United States, who were presumed to be consuming municipally supplied tap water and a diet of supermarket foods. The water could thus be expected to represent a "local" isotopic input, while the food-a product mainly of large-scale industrial agriculture and far-reaching distribution channels-could be treated as homogeneous and common to all the sampled populations. Thus, practically, the Ehleringer et al. (2008) model presumes a linear relationship between O and H isotopes of hair and drinking water. A simple regression on isotopic data indicated this assumption to be valid for stable isotopes in paired hair and tap water data obtained for residents of the United States, leading the authors to posit that drinking water accounts for a substantial part of the geographical variation of O and H isotopes in hair samples.
Predicting Isotopes in Hair from Those in Water Using Semimechanistic Models
The Ehleringer et al. (2008) model has 28 parameters, many of which are at least partly constrained by prior empirical research. However, several parameters are either poorly constrained or likely subject to interpopulation variability of sufffĳicient interest to warrant tuning to empirical data. In modeling the relationship between O and H isotopes in hair and drinking water, Ehleringer et al. (2008) treated the fraction of nonexchangeable H in keratin that was fĳixed in vivo, f s , as a fĳitting parameter. Likewise, the unconstrained or poorly constrained parameters α ow (isotope fractionation of carbonyl oxygen in hair relative to gut water), α hw (isotope fractionation of H in de novo synthesized amino acids relative to hair follicle water), and g (fraction of O in the gut that derives from gastric juices rather than the water content of food) were tuned to data consisting of paired hair-water samples. Bowen et al. (2009) later extended the modeling approach to mid-20th-century indigenous populations. Unlike the prior work, this efffort involved anthropological hair samples for which no corresponding drinking water data were recorded. This motivated two key modifĳications to the semimechanistic model and the corresponding introduction of three new parameters. First, the authors posited a fraction of the diet (0 < l < 1) to be derived from local sources, as the populations in question lived a preglobalization lifestyle and were geographically dispersed across several continents. Modeling food intake with stable isotopes identical to that supplied by a 21st-century supermarket would be inappropriate in representing the dietary intake of these indigenous groups. Instead, a locally derived component was assumed, and the relevant food isotopes were modeled as an offfset [Δ(δ 18 O l ) and Δ(δ 2 H l )] from the average 2 H and 18 O content of regional precipitation. Use of these empirically determined offfsets implicitly presumes a stable relationship between precipitation and the water used in agricultural endeavors (e.g., via groundwater). Second, isotope signatures of regional precipitation were used as a measure of O and H isotopes in drinking water. With the model thus modifĳied, parameters were adjusted to provide a good fĳit to data from several, geographically disparate indigenous groups.
Extension to O and H Isotopes of Hair in the Absence of Paired Water Samples
The success of the Bowen et al. (2009) model in describing variations in O and H isotopes of hair as a function of drinking water (in this case, regional precipitation) is interesting because it suggests that l, the fraction of diet derived from local sources, can be treated as a global constant. Hair samples from nearly all the indigenous groups fell along a common line indicating the same fraction of food being locally derived. Furthermore, the nonlocal dietary contribution (δ 18 O d , δ 2 H d ) was described using data representing supermarkets in the modern continental United States. Yet the hair samples represented populations in regions as wide-ranging as Canada, Pakistan, and Botswana and a time span between the 1930s and 1950s. Similarly, f s , a physiological parameter likely to be subject to interindividual variability, was treated as constant over all samples and individuals.
In this study, we investigated the impact on model quality of using diffferent approaches to represent the contributions of nonlocal and local diet to O and H isotopes of hair. Essentially, l is likely to difffer based on socioeconomic, cultural, and biological diffferences among individuals, and that diffference is critical to making quantitative links between hair and region of origin. Furthermore, we used statistical inference approaches to quantitatively assess the uncertainty inherent to these parameter estimates and consider their origin.
Materials and Methods
For this study, we used a subset of human hair samples (n = 62) from anonymous donors, collected under North Carolina State University Institutional Review Board (IRB) protocol 3285, and tap water samples (n = 76). Hair and water samples were collected by author C.A.J., student assistants, and participating Catholic priests who were educated on the specifĳics of the IRB. For samples to be considered as part of this subset, at least two hair and water samples were required from the same location (city or town).
Sample Collection
All hair samples were obtained from anonymous confĳirmed residents from 10 cities in 6 Mexican states (Table 1) . Samples consisting of beard or scalp hair, representing several milligrams of material, were collected on-site in clean coin envelopes. City and state of residence and date of collection were recorded for each sample. Hair samples were collected between May and July and between December and January of 2014, 2015, 2017, and 2018 . Unfĳiltered tap water samples were collected between December and January, May and July, and September and October in 2014, 2015, 2017, and 2018 . All tap water samples were collected in acid-washed 300-ml, thickwalled high-density polyethylene bottles, with no head space, following the recommendation of Spangenberg (2012) . After collection, water and hair samples were stored in a temperature-and humidity-stable closet for a maximum of two months. Samples were then sent to University of Utah Stable Isotope Ratio Facility for Environmental Research (SIRFER) for analysis.
Hair Samples
Hair samples were solvent washed, weighed, and ground before being analyzed for 2 H and 18 O isotopes following the methods outlined in Thompson et al. (2010) and Bowen et al. (2005) . Briefly, stable oxygen and hydrogen isotopic compositions in hair samples were calibrated relative to the international standard Vienna Standard Mean Ocean Water (VSMOW) scales using three laboratory reference standards (keratin: DS, ORX, and POW). Hair samples and the laboratory standards were equilibrated following Bowen et al. (2005) and stored under vacuum for 5-7 days before analysis. The δ 18 O and δ 2 H values of encapsulated hair samples were measured on a ThermoFinnigan MAT 253 isotope ratio mass spectrometer (IRMS) connected to a O. Hydrogen and oxygen isotopes from hair and water samples are expressed in per mil (‰) units relative to VSMOW using the standard notation δX = 1,000(R standard /R sample -1). General statistical analysis was conducted in SPSS version 25. Parameter estimation for model fĳitting was performed in Matlab using the approach of approximate Bayesian computation.
Isotope Mapping Procedure
Analysis of spatial patterns of O and H isotopes in the tap water and hair data were conducted using Esri's ArcGIS 10.3.1 and following the procedures specifĳied in Bowen et al. (2007) . Spatial patterning of isotope data was identifĳied using the Spatial Autocorrelation tool (Spatial Statistics Toolbox, ArcGIS 10.3.1), which evaluates spatial autocorrelation using Moran's I. Moran's I statistics were calculated for δ 2 H and δ 18 O values using unstandardized weights derived from inverse-squared Euclidean distances between sample data points. Isotope value prediction maps for δ 2 H and δ 18 O were produced through spatial interpolation of the raw tap water isotope survey data. Interpolation was accomplished through ordinary kriging (Spatial Analyst Toolbox, ArcGIS 10.3.1) using ArcGIS's Geostatistical Analyst extension. All kriging in this analysis was accomplished using a spherical semivariogram model. Figure 2 Figure 3 2 H isotopes in hair and water. The isotope values for water from Gutiérrez Zamora were enriched relative to the rest of the sample subset, which makes sense given its coastal location. In contrast, the δ 2 H isotopes in hair from Gutiérrez Zamora were among the most depleted.
Results and Analysis
Water Samples
Hair Samples
Empirical Relationships between Isotopes in Hair and Water for Paired Samples
The relationships between hair and water for this study and others are shown in ) indicate the extent to which variations in H and O in tap water explain isotope variations in hair. The lack of statistically signifĳicant correlations, large uncertainties in the linear regression parameters, and the low values of r 2 all point to tap water being a poor reference for predicting isotopes in hair for this population. This is in stark contrast to the prior work summarized in Table 2 , where r 2 typically exceeds 70%.
In short, data from this Mexican population do not exhibit the strong relationships between isotopic values of tap water and hair characteristic of other populations studied to date. This could be due to the prevalence of bottled water consumption in Mexico. Suppliers frequently draw their water from nonlocal aquifers and bodies of water. The problem is exaggerated in Mexico, but several authors have clearly demonstrated the complexities of drinking water distribution even in the familiar context of the United States (Jameel et al. 2016; Good et al. 2014; Tipple et al. 2017) . Mismatches between water demand and availability can lead to municipal-level targeting of nonlocal water resources into other regions.
Modeling the Relationship between Isotopes in Hair and Water for Paired Samples
Given the economic stratifĳication of this region and the poor correlation between hair and water samples, we chose to consider the possibility that l and f s are local rather than global parameters for this population. Essentially, we assumed that both the fraction of diet that is locally derived and the associated fraction of hydrogen that is fĳixed in vivo will difffer across the subregion depending on the relative afffluence of the area, the particular sources of dietary protein, and the rural-urban divide. Taking that to be the case, we estimated a diffferent value of l and f s for each location. In line with the work of Ehleringer et al. (2008), we also estimated the water fractionation parameters α ow and α hw , treating them as global parameters common to all locations. For the 10 paired hair-water data sets (see Table 1 ), we then estimated more than 20 parameter values. With only one data point for each location, the model is severely underdetermined, and a least-squares parameter estimation approach would not be appropriate. Instead, we inferred plausible parameter intervals using the probabilistic approach of approximate Bayesian computation; this allows for the estimation of a likely distribution of values for each parameter, subject to a desire to minimize the diffference between model predictions and the empirical data. From the resulting distributions, we determined an estimate for each parameter value and 95% bounds indicating the uncertainty in that estimate. For example, the estimates obtained for α ow and α hw were 1.01 and 1.09, respectively, with 95% bounds of [1.00-1.03] and [1.07-1.10]. The α ow estimate agrees with that reported by Ehleringer et al. (2008) , α ow = 1.016, while our estimate for α hw exceeds their tuned value of 1.002.
Characterizing the Isotope Content of Dietary Sources
Given the anticipated importance of the nonlocal dietary contribution, we considered two diffferent approaches to represent the isotopic signature of non-locally derived foods, δ 2 H d and δ
18
O d . First, we used the continental supermarket diet parameter values reported by Ehleringer et al. (2008) for the modern United States. We denote this model variant as "USA nonlocal." Second, we treated the isotopic content of nonlocal food and the offfset parameters Δ(δ 18 O l ) and Δ(δ 2 H l ) for predicting isotopes in locally derived food as tuning parameters. We thereby estimated the relevant values for this Mexican subregion, denoting this model variant as "Mexico nonlocal." O and H isotopes predicted on each of these bases were compared to the measurements made from paired hair samples.
Using the USA nonlocal model generated a good fĳit for hydrogen data but a relatively poor fĳit for oxygen data ( Figure 4A,B) . Fit quality was characterized via the isotope-specifĳic contribution to the Bayesian computation summary statistic (ε), giving ε O = 7.0 and ε H = 0.016 for O and H, respectively. The orders-of-magnitude better fĳit for H data is partly because H values are tunable using both f s and l, whereas O values are tunable only by l. Figure 4 , C and D, demonstrates the impact of estimating both the local and nonlocal dietary contribution in the Mexico nonlocal model. In this case, O isotopic values are tunable by adjustable parameters, impacting both the nonlocal and the local diet contribution, specifĳically, nonlocal Figure 5 shows the estimates for l and f s obtained with each model variant. Estimations of l using the "USA nonlocal" approach ( Figure 5A ,C) are shown above those obtained using the "Mexico non local" approach ( Figure 5B,D One interpretation of f s is as an indicator of protein consumption, with lower values of f s associated with increased protein consumption. The USA nonlocal model appears to overestimate protein consumption across all locations, while use of the Mexico-specifĳic parameters may underestimate protein consumption for the data set. Studies on obesity and health in Mexico indicate that the majority of calories in the daily diet of Mexicans comes from carbohydrates (>60%), while proteins make up only ~11% of caloric intake (Heien et al. 1989; Fernald et al. 2004; Ruiz-Arregui et al. 2007; Ortiz-Hernández and Gómez-Tello 2008; Sparks and Sparks 2012) . In principle, this supports the values for f s estimated in the Mexico nonlocal model. Coastal locations like Gutiérrez Zamora, where marine protein likely contributes a unique isotopic signature to the local diet, would be expected to yield spurious predictions in this modeling framework. This is evident in the l and f s predictions for the Mexico nonlocal model, where a reasonable value of l (~60%) is coupled with an inappropriately low value of f s (<0.05).
Contextualizing l and f s with Respect to the RuralUrban Divide and Socioeconomic Stratifi cation
In the absence of data on carbon and nitrogen isotopes in food and hair for the region, we cannot ascertain the relative validity of the l and f s estimates. However, if we assume that these parameters reflect something about SES of the populations in questions, we can attempt to interpret the parameter estimates in the context of marginality indices (MIs). The MI is a summary measure, expressed on a scale of 0 to 100, that diffferentiates states and municipalities according to the overall impact of defĳiciencies such as lack of access to education, residence in inadequate housing, insufffĳicient monetary income, and rural living. The Consejo Nacional de Población (CONAPO, the Mexican national council on population) uses census data to generate MIs every 10 years (Secretaría de Gobernación 2011). Although the MI tells us nothing about the circumstances of any individual in a particular region, it serves as a coarse characterization of population-level SES diffferences. Figure 6 shows the MI map for our region of interest, with the hair and water sampling locations indicated. Comparing marginality to either l or f s , we see no consistent pattern in the predictions for either model variant. In the USA nonlocal model, the low-MI cities of Cuernavaca, Mexico City, Pátzcuaro, and Tultepec have similar l (l > 0.45). However, the l value for the high-MI, relatively impoverished town of Palenque is in the same range. Similarly, these locations do not segregate with respect to MI when we consider the USA nonlocal model estimates for f s . The same is true in the case of the Mexico nonlocal model: in the l and f s predictions, no consistent pattern is observed with respect to MI. Where this model variant does succeed is in segregating rural and urban locations with respect to l. We posit that this reflects situational diffferences in access to nonlocal foods.
Discussion
We quantifĳied the relationship between modern Mexican hair and water samples using a modifĳied approach to the semimechanistic framework established by Bowen et al. (2009) . By linear regression, we found that, although O and H isotopes in water and hair maintain similar geographic distributions, O and H isotopes in tap water explain only a small part of the variation observed in hair samples. Thus, the Mexican data represent not a consistent trend between hair and tap water but a more nuanced connection between nominally available drinking water and O and H isotopes of hair. Rather than a straightforward one-to-one mapping of hair to water, multiple factors alter the relative importance of water and dietary contributions. Quantifĳication of multiple isotopes and the estimation of additional parameters were needed to tease out the underlying details. Indeed, a visually compelling fĳit to the paired H data was possible whether USA established values or Mexican estimates were used for the nonlocal dietary contributions. However, the failure to match paired O data and the counterintuitive values estimated for local diet fraction, l, argue against the USA nonlocal diet basis for the model. Instead, the Mexican estimates for nonlocal diet and local diet offfsets, which are consistently depleted of 18 O and 2 H relative to the USA supermarket diet, permit regional distributions of l and f s that cleanly segregate afffluent urban areas like Mexico City from rural towns like Quiroga. Likewise, the coastal city of Gutiérrez Zamora is clearly distinguished, probably because of a high-protein, seafood-based diet conferring a low f s parameter.
In principle, this lack of a strong correlation between sole-source water and hair is in line with the complex relationships that modern Mexicans have with drinking water. In many areas in Mexico, tap water is safe to drink and is used for drinking, cooking, and bathing. In other locations, bottled water, precipitation, or a combination of both is the source for all water needs. These disparate water-use practices may occur in the same state for cities within close geographic proximity. Disparities will also exist for individuals in the same city who have very diffferent SES. With SES impacting both food and water access, it is likely that increasingly complex models and analytical approaches that quantify variability and uncertainty will be needed to support provenience estimation. In this case, our understanding and interpretation of the data were assisted by fĳirsthand observation of the populations in this region over several years. This includes observation of migration behaviors. For forensic scientists interested in using H and O isotopes in hair and water for provenance analysis on Mexican populations, cultural competency is critical to developing successful modeling approaches. 
